Disturbance of the tight junction (TJ) complexes between brain endothelial cells leads to increased paracellular permeability, allowing leukocyte entry into inflamed brain tissue and also contributing to edema formation. The current study dissects the mechanisms by which a chemokine, CCL2, induces TJ disassembly. It investigates the potential role of selective internalization of TJ transmembrane proteins (occludin and claudin-5) in increased permeability of the brain endothelial barrier in vitro. To map the internalization and intracellular fate of occludin and claudin-5, green fluorescent protein fusion proteins of these TJ proteins were generated and imaged by fluorescent microscopy with simultaneous measurement of transendothelial electrical resistance. During CCL2-induced reductions in transendothelial electrical resistance, claudin-5 and occludin became internalized via caveolae and further processed to early (EEA1؉) and recycling (Rab4؉) endosomes but not to late endosomes. Western blot analysis of fractions collected from a sucrose gradient showed the presence of claudin-5 and occludin in the same fractions that contained caveolin-1. For the first time, these results suggest an underlying molecular mechanism by which the pro-inflammatory chemokine CCL2 mediates brain endothelial barrier disruption during CNS inflammation.
The blood-brain barrier is situated at the cerebral endothelial cells and their linking tight junctions. Increased brain endothelial barrier permeability is associated with remodeling of interendothelial tight junction (TJ) 2 complex and gap formation between brain endothelial cells (paracellular pathway) and/or intensive pinocytotic vesicular transport between the apical and basal side of brain endothelial cells (transcellular pathway) (1, 2) . The transcellular pathway can be either passive or active and is characterized by low conductance and high selectivity. In contrast, the paracellular pathway is exclusively passive, being driven by electrochemical and osmotic gradients, and has a higher conductance and lower selectivity (3) .
Brain endothelial barrier paracellular permeability is maintained by an equilibrium between contractile forces generated at the endothelial cytoskeleton and adhesive forces produced at endothelial cell-cell junctions and cell-matrix contacts (1) (2) (3) . A dynamic interaction among these structural elements controls opening and closing of the paracellular pathway and serves as a fundamental mechanism regulating blood-brain exchange. How this process occurs is under intense investigation. Two possible mechanisms may potentially increase paracellular permeability: phosphorylation of TJ proteins and/or endocytosis of transmembrane TJ proteins.
Changes in TJ protein phosphorylation seem to be required to initiate increased brain endothelial permeability and a redistribution of most TJ proteins away from the cell border (4 -8) . Endocytosis may also be involved in remodeling TJ complexes between endothelial cells. Several types of endocytosis may be involved in TJ protein uptake, including clathrin-and caveolaemediated endocytosis and macropinocytosis (for reviews, see Refs. 8 and 9 -12) . After first forming cell membrane-derived endocytotic vesicles, these vesicles fuse with early endosomes whose contents are further sorted for transport to lysosomes for degradation or recycling back to the plasma membrane for reuse (11) .
Although there is a lack of definitive knowledge regarding endocytotic internalization of brain endothelial cell TJ proteins, several studies on epithelial cells have indicated that occludin may be internalized via caveolae-mediated endocytosis whereas ZO-1, claudin-1, and junctional adhesion molecules-A may undergo macropinocytosis in response to stimuli such as TNF-␣ and INF-␥ (13, 14) . In contrast, there is evidence that Ca 2ϩ may induce internalization of claudin-1 and occludin via clathrin-coated vesicles (8, 14 -16) . All of these studies pinpoint endocytosis as an underlying process in TJ complex remodeling and redistribution, and thus regulation of paracellular permeability in epithelial cells.
The present study examines whether internalization of transmembrane TJ proteins could be one process by which adhesion between brain endothelial cells is changed during increased paracellular permeability. Our results show that a pro-inflammatory mediator, the chemokine CCL2, induces disassembly of the TJ complex by triggering caveolae-dependent internalization of transmembrane TJ proteins (occludin and claudin-5). Once internalized, occludin and claudin-5 are further processed to recycling endosomes awaiting return to the plasma membrane.
EXPERIMENTAL PROCEDURES
Materials-CD-1 mice were obtained from Charles River (Portage, MI). bEnd.3 cells were obtained from American Type Culture Collection (ATCC, Manassas, VA). For cell culture growth the following reagents were used: DMEM, 10% inactivated fetal calf serum, HEPES, glutamine, antibiotic/antimycotic (Invitrogen), heparin (Sigma-Aldrich), and endothelial growth factor supplement from BD Biosciences. Monocyte chemoattractant protein 1 (MCP-1 or CCL2) was from Peprotech (Rocky Hill, NJ). All chemicals, other than those listed below, were from Sigma-Aldrich.
For tracer studies the following reagents were obtained from Invitrogen: Texas Red-Dextran, Alexa596-cholera toxin and BODIPY-TR-ceramide, Texas Red-transferrin. For Western blot analysis and immunocytochemistry the following antibodies were used: TJ proteins were detected with mouse anti-occludin or anti-claudin-5 antibodies (Invitrogen); different type of vesicles were labeled with anti-Rab4, -caveolin-1, -␣-adaptin antibodies (all from BD Biosciences), and anti-EEA1 and -lysosomal-associated membrane protein 2 (LAMP2) antibodies (Abcam Inc., Cambridge, MA); green fluorescent protein (GFP) was detected by anti-GFP antibody from Clontech Laboratories, Inc. (Mountain View, CA); antibody to cytochrome P450 reductase and vimentin were from Cell Signaling Technology, Inc. (Danvers, MA), while antibody to calpain was from SigmaAldrich. The secondary antibodies, anti-mouse-HRP and antirabbit-HRP, were from Bio-Rad, whereas anti-mouse and antirabbit antibodies conjugated either with FITC or Texas Red were from Vector Laboratory, (Burlingame, CA).
siRNA oligonucleotides targeting three different regions of caveolin-1 and ␣-adaptin, GAPDH siRNA, and siPortNeoFX siRNA transfection reagent were purchased from Applied Biosystems (Foster City, CA).
Mouse occludin and claudin-5 cDNA were obtained from Open Biosystems (Huntsville, AL). The pAcGFP-C-plasmid vector and Fusion Dry-Down PCR cloning kit were from Clontech Laboratories, Inc. (Mountain View, CA). LipofectAMINE 2000 and antibiotic G418 were from Invitrogen. A Live/Dead assay kit was also from Invitrogen. A ProteoExtract Subcellular Proteome Extraction kit was from EMD Chemicals, Inc. (Gibbstown, NJ). Sulfosuccinimidyl-2-(biotin-amido)ethyldithioproprionate, protein assay kit, and chemiluminescent HRP substrate kit for Western blotting were from Pierce.
Brain Endothelial Cell Culture-Mouse brain microvascular endothelial cells (mBMECs) were prepared and cultured using a previously described protocol (7, 17) .
GFP-tagged Occludin and Claudin-5-Whole length claudin-5 and occludin were cloned and tagged with green fluorescent protein (GFP) on the N-terminal side. For amplification, the following primers were used: occludin 5Ј-AAGGC-CTCTGTCGACATGTCTGTGAGGCCT-3Ј and 5Ј-AGA-ATTCGCAAGCTTCTAGGTTTTCCGTCT-3Ј; claudin-5 5Ј-AAGGCCTCTGTCGACATGGGGTCTGCAGCGTT-GGA-3 and 5Ј-AGAATTCGCAAGCTTTAGACATAGTT-CTTCTTGTCGTAATC-3Ј, incorporating Sall and HindIII sites. The occludin and claudin-5 cDNA fragments were cloned in-frame with an N-terminally fused GFP sequence into a pAcGFP-C-plasmid vector using an In Fusion DryDown PCR cloning kit. Purified plasmids were verified by DNA sequencing. bEnd.3 cells were transfected with these plasmids for 24 h using LipofectAMINE 2000. The control plasmid, pAcGFP1-C, was used as a positive control for transfection and expression in bEnd.3 cells. Negative controls were untransfected or mock transfected cells. At 24 h post-transfection, cells were exposed to media containing G418 (1 mg/ml) for 10 -14 days to generate a stable cell line. Surviving cells were ring-cloned and grown to confluence.
Tracer Study-The macropinocytosis marker, lysine-fixable Texas Red-Dextran (1 mg/ml), the caveolae internalization marker, Alexa596-cholera toxin and BODIPY-TR ceramide (10 g/ml and 5 M), and the clathrin internalization marker, Texas Red-transferrin (5 g/ml), were dissolved in ice-cold medium (DMEM) and added to the apical side of mBMECs or bEnd.3 monolayers with and without CCL2 (100 ng/ml). Monolayers were kept at 4°C for 30 min to allow tracer accumulation on the cell surface and then incubated for 0 -60 min at 37°C. At this time point, TEER was simultaneously measured, and cells were subject to time-lapse microscopy analysis.
Cell Treatment and Inhibitors-Inhibitors were introduced 30 min prior to treatment with CCL2. Control cells were exposed to assay media (DMEM) without inhibitors. The following inhibitors were used: 0.4 M sucrose (clathrin-dependent internalization), 5 M Filipin III (caveolin-dependent internalization), 10 M 5-(N-ethyl-N-isopropyl)amiloride (macropinocytosis), 50 nM bafilomycin A 1 (vesicle recycling), 50 g/ml cycloheximide (protein synthesis), and 1 M lactacystein (proteasome). Cell viability assays were performed to exclude possible toxic effects of inhibitors. The effect of cell treatment and inhibitors was evaluated by Western blot, immunocytochemistry, or biotinylation assays.
In a separate set of experiments the reversibility of inhibition of caveolae formation was tested. Cells were pretreated and treated with 10 mM M␤CD for 30 min and then HEPES-buffered DMEM with or without of water soluble cholesterol (400 g/ml, Sigma-Aldrich) was added before treatment with CCL2.
Immunofluorescence-Samples were fixed in 4% paraformaldehyde and then preincubated in blocking solution containing 5% normal goat serum and 0.05% Tween in phosphate-buffered saline. Samples were then incubated with primary antibodies overnight at 4°C. Reactions were visualized by fluorescein-conjugated anti-mouse and/or anti-rabbit antibodies. All samples were viewed on a confocal laser scanning microscope (LSM 510 Zeiss, Germany).
Evaluation of Colocalization-Images for quantitative florescence analysis were acquired using a Zeiss LSM META 510 laser scanning microscope with sequential mode to avoid interference between channels and saturation. Contrast brightness and the pinhole were held constant. Cells from five independent experiments and three areas per experiment were analyzed. For each area, z-stacks of five consecutive optical sections were acquired. To quantify the colocalization of occludin, GFP-occludin, claudin-5, and GFP-claudin-5 with various vesicle markers, each z-optical section was analyzed using the colocalization finder plug-in of ImageJ (National Institutes of Health). The background contribution to colocalization was corrected using the formula: corrected colocalization ϭ measured colocalization Ϫ background colocalization/1 Ϫ background colocalization/100 (18) . The colocalization of occludin and claudin-5 with vesicular markers was estimated by Pearson's correlation coefficient (R r ), determined as,
where S1 represents the signal intensity in pixels in channel 1, and S2 represents the signal intensity in pixels in channel 2; S1 over and S2 over reflect the average intensity of these respective channels. The Pearson coefficient ranges between Ϫ1 (perfect negative correlation) to ϩ1 (perfect positive correlations between two images). A coefficient of 0 means no correlation between two images (19) .
Time-lapse Imaging-Time-lapse microscopy was performed using a Leica DMIRB inverted microscope (Leica Microsystems, Germany, objective 40ϫ). The stage was maintained at 37°C by a temperature hood. The time-lapse experiments were conducted for 0 -2 h. Images were collected every 5 min using an Olympus DP-30 charge-coupled device camera.
TEER-TEERs were measured by an electrical cell impedance sensor system (ECIS, Model 1600R, Applied BioPhysics). Briefly, bEnd.3 cells (3 ϫ 10 5 cells per ml), stably transfected with GFP-occludin or GFP-claudin-5, were seeded on gold microelectrodes (5 ϫ 10 Ϫ3 cm 2 ) in polycarbonate wells. bEnd.3 cells were grown in 8-well ECIS array consists of 10 electrode (8W10E) until stable resistances of 140 ⍀ were reached. The resistance was measured at a frequency of 400 Hz and serves as an indicator of the expression of cell-cell junctions and barrier tightness (20) . All experiments were performed in serum-free medium. Electrical impedance was recorded every 1 min for 2 h after CCL2 exposure. Impedance values were normalized by dividing each value by the level of impedance measured just prior to the addition of CCL2. Results from triplicate samples were averaged.
Brain Endothelial Cell Monolayer Permeability-The permeability of brain endothelial cell monolayers to inulin-FITC was measured as described in our previous studies (7, 17) .
Cell Transfection-siRNA oligonucleotides targeting three different regions of caveolin-1 and ␣-adaptin were used. The best inhibition of caveolin-1 and ␣-adaptin was achieved after transfection with a mixture of three-selected siRNA oligonucleotides. mBMEC and bEnd.3 cells were transfected with annealed siRNAs by the use of siPortNeoFX siRNA transfection Agent and were subcultured 24 h later. Cells were used 48 h later for experiments. Control cells were transfected with control oligonucleotides or with GAPDH siRNA as positive controls as well as the manufacturer's negative control.
Western Blotting-Western blotting was performed with the following antibodies: mouse anti-occludin, -claudin-5, or -caveolin-1. Immunoblots were exposed to secondary antimouse or rabbit-HRP conjugated antibody, visualized with a chemiluminescent HRP substrate kit, and analyzed using ImageJ software.
Fractional Analysis of TJs-Fractional analysis of TJ proteins was performed utilizing a ProteoExtract Subcellular Proteome Extraction kit. Membrane, cytosolic, cytoskeletal, and nuclear fractions were separated. Specificity of fractions was confirmed using anti-cytochrome P450 reductase (membrane fraction), anti-calpain (cytosolic fraction), and anti-vimentin (actin cytoskeletal fraction) antibodies. For "total cell lysate" samples, cells were washed in phosphate-buffered saline, scraped, and rinsed in 1 ml of the lysis buffer (25 mM TrisHCl, pH 7.4, with 150 mM NaCl, 0.1% SDS, 1% Triton X-100, and 1% deoxycholate).
Sucrose Gradient Analysis-Sucrose gradient analysis was performed as previously described (21) . Cells were lysed in 1 ml of ice-cold 1% (v/v) Triton X-100 in MNE buffer (25 mM MES (pH 6.5), 150 mM NaCl, 5 mM EDTA, 1 g/ml aprotinin, 1 g/ml leupeptin, 1 mM sodium orthovanadate, and 10 mM NaF) for 20 min. Lysates were then homogenized with 20 strokes of a Dounce homogenizer on ice and centrifuged for 10 min at 2000 rpm at 4°C to remove nuclei. Clarified postnuclear supernatants were diluted 1:2 with 80% (w/v) sucrose in MNE buffer, placed at the bottom of 12.5-ml ultracentrifuge tubes (Beckman), and overlaid gently with 6 ml of 35% and 3 ml of 5% sucrose. The resulting 5-40% discontinuous sucrose gradient was centrifuged at 40,000 rpm for 20 h in a swinging bucket rotor (model SW41, Beckman Instruments) at 4°C to separate the low density caveolae. After centrifugation, fractions (0.92 ml) were collected from the top to the bottom of the gradient and used for SDS-PAGE, immunoprecipitation, and Western blot analysis.
Biotinylation Assay for Endocytosis and Recycling-Cells were incubated with 0.5 mg/ml sulfosuccinimidyl-2-(biotinamido)ethyldithioproprionate at 0°C, followed by washing with phosphate-buffered saline containing 50 mM NH 4 Cl, 1 mM MgCl 2 , and 0.1 mM CaCl 2 to quench any excess of sulfosuccinimidyl-2-(biotin-amido)ethyldithioproprionate. Cells were then lysed to quantify the surface biotinylated proteins. To determine the total amount of occludin and claudin-5 in the cells using the biotin reagent, cells were first lysed with lysis buffer (5 mM Tris-HCl (pH 7.4) with 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 1% deoxycholate, and protease inhibitor mixture) and then biotinylated. Subsequently, any unreacted biotin was quenched.
For internalization assay, after surface biotinylation, cells were incubated with CCL2 at 37°C for different time periods (0 -60 min) and then washed twice at 4°C with glutathione stripping solution (50 mM glutathione, 75 mM NaCl, 75 mM NaOH, and 1% bovine serum albumin) to release the biotin label from proteins at the cells surface. Cells were then suspended in lysis buffer. Cell lysates were centrifuged, and the supernatants were incubated with streptavidin beads to collect internalized biotin-bearing proteins. Samples were then subjected to SDS-PAGE, followed by Western blotting.
For recycling/degradation assay, after biotinylation of the cell membrane surface proteins, cells were treated with CCL2 or vehicle for different time periods and then washed with icecold glutathione solution. Stripped cells were then reincubated at 37°C in the presence or absence of CCL2. At given time points, cells were then subjected to a second glutathione stripping before being lysed in lysis buffer and processed for Western blot analysis.
RESULTS

Transmembrane TJ Proteins, Occludin and Claudin-5, during Brain Endothelial Barrier "Opening" and Recovery-Previ-
ous studies demonstrated that occludin and claudin-5 both undergo delocalization from the plasma membrane and phosphorylation during CCL2-induced blood-brain barrier disruption (7, 17) . To follow the dynamics of these transmembrane TJ proteins during brain endothelial barrier "opening," we used two plasmids expressing green fluorescent protein (GFP) together with claudin-5 or occludin. The GFP was fused with the N-terminal sequence of both TJ proteins, because the C terminus of these proteins is engaged with TJ scaffold proteins (ZO-1 and ZO-2), actin filaments, as well as a variety of signaling molecules, and it is required for TJ barrier function (22, 23) .
We generated stable GFP-claudin-5-and GFP-occludin-expressing bEnd.3 cells (Fig. 1, A and B) . The ratio between GFPclaudin-5 and endogenous claudin-5 in GFP-claudin-5-expressing bEnd.3 cells as well as GFP-occludin and endogenous occludin in GFP-occludin-expressing bEnd.3 cells (distinguishable by molecular weight) was ϳ1.2. Monolayers of GFP-claudin-5-and GFP-occludin-expressing bEnd.3 cells did not differ in the permeability coefficient for inulin-FITC compared with nontransfected cells, implying that GFP-claudin-5 or GFP-occludin expression did not interrupt barrier integrity. Also, there were no differences between the different monolayers in the permeability response to recombinant CCL2 (Fig. 1C) . GFPclaudin-5 and GFP-occludin were colocalized to the cell border and associated with ZO-1 as with endogenous claudin-5 and occludin (Fig. 1D) . In contrast to bEnd.3 cells transfected with GFP-claudin-5 or GFP-occludin, there was no cell border localization after transfection with AcGFP (Fig. 1B) . In Western blots of cells transfected with GFP-claudin-5 or GFP-occludin, there was a faint band detected by anti-GFP at the level free GFP (Fig. 1A) , which may represent a degradation product. The results from Fig. 1B , though, indicate that this cannot account for the cell border localization for in GFP-claudin-5-and GFPoccludin-transfected cells.
Analyzing the fate of occludin and claudin-5 in brain endothelial cells (mBMECs) exposed to CCL2, we found that disappearance of these proteins from the plasma membrane was not coupled with changes in total occludin and claudin-5 protein suggesting that degradation does not occur (Fig. 2) . Exposure to CCL2 (60 min) followed by removal of the CCL2 stimulus (CCL2-recovery) was associated with complete functional recovery of the brain endothelial barrier over about 60 min as estimated by TEER ( Fig. 2A) . Treatment with the protein synthesis inhibitor, cycloheximide, to deplete any potential intracellular "de novo" pool of occludin and claudin-5, or a proteasome inhibitor, lactacystein, to inhibit degradation of occludin and claudin-5, did not affect the course of brain endothelial barrier recovery (degree or temporal pattern) (Fig. 2B) . These results strongly support that redistribution of existing TJ proteins plays a critical role in altering (increasing and decreasing) barrier permeability rather than degradation or de novo synthesis.
Using time-lapse microscopy with simultaneous TEER measurement, we analyzed the kinetics of GFP-occludin and GFP-claudin-5 over 0 -120 min of exposure to CCL2. CCL2 caused a marked increase in barrier permeability (Fig. 2, A and  C) . At the time of maximum opening (30 -60 min) there was fragmented staining of GFP-occludin and GFP-claudin-5, and these proteins were mostly localized away from the cell border (Fig. 2C) . Removing CCL2 from the media led to a recovery in brain endothelial barrier integrity and a progressive return of GFP-occludin and GFP-claudin-5 to the interendothelial border over 15-30 min (Fig. 2C) . The permeability coefficient for inulin-FITC (5 kDa) during CCL2 exposure and recovery showed a similar pattern. CCL2 induced significant opening of brain endothelial barrier for inulin (p Ͻ 0.001 versus control) and a similar closing of the paracellular route during recovery (supplemental Fig. S1 ).
Analysis of cytosolic (Triton X-100-soluble fraction), membrane, nuclear, and actin cytoskeletal fractions (Triton X-100-insoluble fraction) of brain endothelial cells during 60-min exposure to CCL2 showed a redistribution of occludin and claudin-5 from the membrane to cytosolic and actin cytoskeletal fractions during maximum opening of the brain endothelial barrier (Fig. 2D) . Recovery of barrier function after removal of CCL2 was associated with a return of occludin or claudin-5 to the membrane fraction without any changes in total content of these two TJ proteins (Fig. 2D) . Adding cycloheximide or lactacystein did not affect the total amount of TJ proteins during CCL2 exposure and recovery (data not shown) indicating the absence of degradation or replacement of proteins from an intracellular pool. Thus, it appears that during opening and "closing" of the TJ complex there is ongoing trafficking of occludin and claudin-5 to and from the membrane rather than degradation or de novo synthesis.
Internalization as a Pathway for Loss of Transmembrane TJ
Proteins from Brain Endothelial Cell Borders-We followed the fate of GFP-claudin-5 and GFP-occludin during exposure of endothelial cells to CCL2 for 15-30 min, time points when both TEER and the permeability coefficients indicated maximal FIGURE 2. A, mBMEC monolayers were treated with CCL2 (100 ng/ml) in serum-free medium for the indicated periods (0 -120 min). TEER was evaluated during this time period by ECIS assay. In a separate set of experiments after 60 min of CCL2 treatment (100 ng/ml), the CCL2 was removed by replacing media with fresh DMEM, and the cells were observed for an additional 60 min (ϩrecovery). Each TEER tracing represents an average of three replicate wells and from three independent experiments. Impedance values were normalized by dividing by the impedance measured just prior to the addition of CCL2. B, the value of TEER of brain endothelial barrier in the presence or absence of CCL2 and 5 g/ml cycloheximide (CHX) or 1 M lactacystein (LC) as well as during the recovery time. Both inhibitors, CHX and LC, did not disturb the brain endothelial barrier opening or recovery. Data represent an average Ϯ S.D. for n ϭ 5 independent experiments. C, time-lapse confocal microscopy. bEnd.3 monolayers, expressing either GFP-claudin-5 or GFPoccludin, were exposed to CCL2 (100 ng/ml). Images were obtained every 5 min over a time period of 0 -120 min. After 60 min of treatment, CCL2 was removed from cells by replacing media with fresh DMEM, and the cells were observed for an additional 60 min. The representative images show some critical time points during CCL2-induced alterations in brain endothelial barrier permeability and during recovery. There is a fragmented pattern of occludin and claudin-5 staining at the cell-cell border of endothelial cells during CCL2 exposure, but this returns to a "control" pattern of staining along the cell borders after CCL2 removal. *, the location shown in magnification in the lower images; arrows indicate alterations in the localization GFPclaudin-5 and GFP-occludin in the presence of CCL2. Scale bar, 20 m. D, biochemical changes in occludin and claudin-5 after CCL2 treatment. There was a redistribution of these proteins first from the membrane fraction (MF, Triton X-100-insoluble) to cytosolic (CF, Triton X-100-soluble) and actin cytoskeletal (ACF, Triton X-100-insoluble) fractions during CCL2 exposure and back to membrane fraction after removing CCL2 stimulus. To demonstrate the purity of the different fractions, cytochrome P-450 reductase, calpain, and vimentin were used as specific markers for membrane, cytosolic, and actin cytoskeletal fractions, respectively. While affecting fractional distribution of claudin-5 and occludin, CCL2 and its removal did not affect the total protein content of either protein. Blots represent one of three successful experiments.
opening of the brain endothelial barrier (Figs 2A and 3 and supplemental Fig. S1 ). Endocytosis pathways were marked with tracers: Texas Red-transferrin (clathrin-dependent pathway), Alexa596-cholera-toxin, BODIPY-TR-ceramide (caveolae-dependent, lipid raft-dependent pathway), and Texas Red-dextran (macropinocytosis pathway). In CCL2-treated brain endothelial cell monolayers the normal pattern of occludin and claudin-5 localization with continuous staining on the cell-cell borders was replaced by punctate staining "inside" the endothelial cell, after 15 min. Wheat germ agglutinin-lectin co-staining indicated that occludin and claudin-5 was not present on the brain endothelial cell surface but was rather cytosolic (data not shown). Occludin and claudin-5 appeared colocalized with internalization vesicles, which were Alexa596-cholera-toxinand BODIPY-Tr-ceramide-positive but not with clathrin or macropinicytotic vesicles (Fig. 3A) .
Quantitative analysis of colocalization of punctate occludin and claudin-5 staining with tracers for internalization vesicles showed a high degree of correlation between claudin-5 and occludin and tracers for caveole/lipid raft dependent internalization vesicles (cholera toxin or BODIPY-TR ceramide) (Pearson correlation coefficient (R r ) in the colocalized volume, 0.89, 0.85, or 0.85 and 0.94, respectively). Other tracers (transferrin and dextran) did not show any colocalization pattern (Fig. 3, B and C) .
Accumulation of occludin and claudin-5 in caveolae-type vesicles was time-dependent. Over the first 5-10 min of CCL2 treatment, there was little movement into caveolae. Over 15-30 min there was significant uptake of occludin and claudin-5 into cholera-toxin-FITC-and BODIPY-Tr-ceramide-positive vesicles, closely correlating with endothelial barrier opening.
To confirm these findings, sucrose gradient (5-40%) analysis of Triton X-100-insoluble residues followed by Western blotting was performed. During CCL2 exposure, there was increased localization of claudin-5 and occludin in caveolinenriched fractions 4 -6 (ϳ30 -40% of total protein content compared with Ͻ10% in cells not exposed to CCL2). A small caveolin-1-positive portion could be seen in the fractions 10 -12, which also contained 10 -20% of the total protein content of occludin and claudin-5 (Fig. 4,  A-C) . The amount of internalized claudin-5 and occludin upon CCL2 exposure was examined with biotinylation. During the first 15 min of CCL2 exposure, approximately a third of occludin (31 Ϯ 3%) and claudin-5 (31 Ϯ 4%) became internalized, whereas after 60-min exposure almost all occludin (94 Ϯ 7%) and claudin-5 (87 Ϯ 11%) was present intracellularly (Fig. 4, D and E) . These results are consistent with the tracer and immunofluorescence-based assays (Fig. 3) , as well as permeability and TEER assays ( Fig. 2A and  supplemental Fig. S1 ).
To test the involvement of caveolin-1 in CCL2-induced occludin and claudin-5 internalization, we reduced caveolin-1 level by Ͼ90% using RNA interference against caveolin-1 (supplemental Fig. S2A ). This siRNA treatment greatly decreased GFP-occludin and claudin-5 internalization (Fig.  5A) . In contrast, inhibition of clathrin-dependent internalization by either 0.4 M sucrose (data not shown) or siRNA- A, monolayers of bEnd.3 cells were directly seeded on a eight-well gold electrode array (ECIS system) and exposed to tracer for 30 min at 4°C. CCL2 (100 ng/ml) was then added, and samples were placed in a temperature hood at 37°C for 0 -120 min. To trace internalization pathways we used Alexa596-cholera toxin conjugate (CT, 5 g/ml) and BODIPY-TR-ceramide (5 M), which are specifically taken up via caveolae, Texas Redtransferrin conjugate (TR, 10 g/ml), which is specifically taken up via clathrin-coated vesicles, and Dextran 10-kDa-Texas Red conjugate (0.5 mg/ml), which is specifically taken up via pinocytotic vacuoles or vacuoleassociated actin. Example images are of the bEnd. A, mBMEC monolayers were treated with CCL2 for 30 min at 37°C, and Triton X-100-soluble and Triton X-100-insoluble fractions were prepared. The Triton X-100-insoluble fraction was layered on a 5-40% sucrose gradient, and 12 fractions were separated (1-12). All fractions were analyzed by Western blotting using an anti-caveolin-1, -claudin-5, and -occludin antibodies. The caveolin-containing fractions (4 -6 and 10 -12) also contained claudin-5 and occludin in CCL2-treated mBMEC. B, each collected fraction (1 ml of total volume) was first analyzed for protein concentration (E) and sucrose density (F) using a refractometer before Western blot analysis was performed. This graph represents at least five independent experiments. C, relative levels of occludin and claudin-5 in individual fractions from control cells or cells treated with CCL2 for 30 min. The collected fractions were subjected to Western blot analysis, obtained data were scanned, and bands were analyzed by densitometry using ImageJ software. The graphs represent at least five independent experiments. Under control conditions a large portion of claudin-5 and occludin is in fractions 7 and 8, fractions without caveolin 1. However, after CCL2 treatment, claudin-5 and occludin are found in fractions 4, 5, 6, 11, and 12. These fractions are those containing caveolin-1. CCL2 had no apparent effect on the distribution of caveolin-1 between different fractions. D, internalization of surface biotinylated claudin-5 and occludin proteins. Confluent mBMECs, treated with and without cycloheximide (CHX), were surface-biotinylated at 0°C and then exposed to CCL2 for 30 min at 37°C to allow internalization. Any membrane-bound biotin was removed by glutathione solution (glutathione stripping, gs). Lanes ␣-adaptin only slightly affected the redistribution of GFPoccludin and GFP-claudin-5 from the endothelial cell border during CCL2 exposure ( Fig. 5A and supplemental  Fig. S2B ).
Some caveolar ligands have been shown to be internalized in a cholesterol-dependent but caveolin-1-independent manner. We, therefore, also tested whether a cholesterolbinding agent, Filipin III, and a cholesterol-solubilizing agent, methyl-␤-cyclodextrin, would affect occludin and claudin-5 internalization in the presence of CCL2 (Fig. 5,  A-C) . The results clearly demonstrated that treatment of endothelial cells with these agents prevented CCL2-induced internalization of GFP-occludin and GFP-claudin-5 (Fig.  5C ). Using an in vitro permeability assay, we found that these agents as well application of caveolin-1siRNA prevented CCL2-induced changes in barrier permeability (Fig. 5B) . FIGURE 5 . A, to confirm that CCL2-induced claudin-5 and occludin internalization was via a caveolae-dependent pathway, we performed inhibition studies using Filipin III (10 ng/ml) or caveolin-1 siRNA. As expected, GFP-claudin-5-and GFP-occludin-expressing bEnd.3 cells exposed to mock transfection showed internalization of GFP-claudin-5 and GFP-occludin in the presence of CCL2 (100 ng/ml). In contrast, inhibition of caveolae formation with either Filipin III or transient transfection with caveolin-1 siRNA prevented CCL2-induced internalization (i.e. GFP-claudin-5 and GFP-occludin remained at cell borders). Reduction in clathrin vesicle formation with ␣-adaptin siRNA had no effect on internalization. Control indicated bEnd. Moreover, replenishing cholesterol after treatment with methyl-␤-cyclodextrin completely restored the effect of CCL2 (increased brain endothelial barrier permeability and internalization of occludin and claudin-5 (Fig. 5C) ), strongly arguing that these effects are because of specific perturbation of cholesterol and not a secondary effect of M␤CD.
Thus, internalization of GFP-occludin and GFP-claudin-5 is cholesterol-sensitive and caveolin-1-dependent in brain endothelial cells. Inhibitors of clathrin-dependent endocytosis (sucrose and ␣-adaptin siRNA) or macropinocytosis (5-(N-ethyl-N-isopropyl)amiloride) had no or minor effect on CCL2-induced barrier permeability (Fig. 5B) .
CCL2-induced Internalization of TJ Proteins
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Fate of the Internalized TJ Proteins, Occludin and Claudin-5-Removal of CCL2 resulted in a rapid return of occludin and claudin-5 to the cell surface. Thus, after 15 min only 25 Ϯ 4% of occludin and 41 Ϯ 5% of claudin-5 was found intracellularly, and by 30 min almost all of these TJ proteins were on the cell surface (Fig. 6A ). This parallels a decrease in endothelial barrier permeability (Fig. 2, A and B) and suggests that recycling of occludin and claudin-5 is involved barrier recovery. To examine which part of the vesicle-vacuolar system might be involved in internalizing occludin and claudin-5, the subcellular localization of internalized GFP-occludin and GFP-claudin-5 was analyzed in early endosomes (EEA1ϩ), recycling endosomes (Rab4ϩ) and lysosomes (LAMP2). At early time points (0 -15 min of CCL2 treatment), GFP-occludin and GFP-claudin-5 were found in caveolae and, to some extent, in early endosomes (Pearson correlation coefficient, R r , for EEA1 with GFP-claudin-5, 0.67 Ϯ 0.07; and GFP-occludin, 0.54 Ϯ 0.09 (Fig. 6, B and  C) ). After 30 -60 min of exposure, GFP-claudin-5 and GFPoccludin were mostly localized in Rab4ϩ endosomes (R r ϭ 0.88 Ϯ 0.12 and 0.92 Ϯ 0.11, respectively) with some in early endosomes (EEA1ϩ) (R r 0.43 Ϯ 0.05 and 0.38 Ϯ 0.042). There was no localization of these proteins in LAMP2ϩ vesicles (lysosomes (Fig. 6, B and C) .
To confirm that recycling of occludin and claudin-5 to the cell surface plays a critical role in recovery of brain endothelial integrity, a protein recycling inhibitor, bafilomycin A1, was applied at the beginning of the recovery time (CCL2 removal). Bafilomycin A1 completely blocked emptying of Rab4ϩ vesicles, so that occludin and claudin-5 remained localized in the Rab4ϩ vesicles (Fig. 6D) . Blocking recycling also prevented recovery of brain endothelial barrier integrity (Fig. 6E) . Thus, our results indicate that internalization of claudin-5 and occludin follows a recycling rather than a degradation pathway and that recycled proteins are a substrate for re-assembly of the TJ complex during barrier recovery.
DISCUSSION
Blood-brain barrier opening during inflammatory leukocyte recruitment is still a poorly understood event. Most studies have focused on the role of the endothelial apical region in mediating leukocyte-endothelial interactions (23) (24) (25) . There is very limited data regarding leukocyte movement between adjacent endothelial cells and the role of interendothelial junctional complexes in this process. The objective of the present study was, therefore, to investigate the effects of monocyte chemoattractant protein-1 (MCP-1/CCL2) on TJ assembly and function in brain endothelial cells. We found that: (a) alterations in brain endothelial barrier permeability are associated with the internalization of two transmembrane TJ proteins, occludin and claudin-5; (b) they were internalized via a lipid raft/caveolin-1 and cholesterol-sensitive pathway; (c) internalized occludin and claudin-5 are "stored" in early as well as recycling endosomes and are available for recycling back to the cell surface; (d) recycling of "internalized" occludin and claudin-5 plays a pivotal role in re-establishing the brain endothelial barrier integrity during recovery. These findings are discussed below.
Technical Concerns-Before discussing the findings, a potential technical concern needs to be addressed: the use of GFPtagged occludin or claudin-5 to examine TJ protein kinetics during brain endothelial barrier opening. Two potential concerns are: (a) whether overexpression of these proteins affects barrier structure and (b) whether tagged proteins behave as native occludin and claudin-5. Several studies have shown that TJ protein overexpression does not have any specific influence on the structural and functional integrity in different barrier tissues (23, 26, 27) . We also found no effect of occludin and claudin-5 overexpression on brain endothelial cell permeability properties. Using stable cell lines expressing GFP-claudin-5 and GFP-occludin, instead of transient transfection, decreases any potential transfection effect on the vesiculo-vacuolar system and endocytosis. Occludin and claudin-5 were tagged with GFP at the N-terminal to avoid disruption of physiological interactions of occludin and claudin-5 with other TJ proteins, signal molecules, and actin (22, 28 -30) , and these proteins were found at cell borders as with endogenous claudin-5 and occludin.
Experiments were performed in parallel on both primary brain endothelial cells and a brain endothelial cell line. We did not find any significant differences in cell response (TJ unsealing) during CCL2 exposure. In most of our presented results, we have shown both cell types except for the time-lapse exper- FIGURE 6 . A, loss of internalized-biotinylated claudin-5 and occludin after removal of CCL2 (recovery). Monolayers of mBMEC were biotinylated (biotin) and exposed to CCL2 (100 ng/ml) for 1 h at 37°C. Remaining surface biotin was then glutathione stripped (gs), and the cells returned to fresh media without CCL2 at 37°C. Over 0 -60 min of recovery there was a reduction in the amount of intracellular biotinylated occludin and claudin-5. Recycling was absent when CCL2 was still present in the bathing media (no recovery). GADPH is an internal loading control. The graphs show quantification of internalized and recycling occludin and claudin-5 during recovery after CCL2 treatment. Data represent average Ϯ S.D. of five independent experiments. B, monolayers of bEnd.3 cells expressing either GFP-occludin or GFP-claudin-5 were treated with CCL2 (100 ng/ml) for 15-60 min. Cells were fixed and immunocytochemistry performed. Recycling endosomes were labeled with mouse anti-Rab4 antibody; early endosomes with anti-EEA1 antibody, lysosomes with anti-LAMP2 antibody. The colocalizations of GFP-claudin-5 and GFP-occludin with EEA1ϩ and Rab4ϩ endosomes are indicated with arrows. Scale bar, 20 m. C, quantification of colocalization of claudin-5 and occludin with endosomal markers EEA1, Rab4, and LAMP2 during CCL2 exposure (0 -60 min). The high degree of correlation between total claudin-5 and EEA1 or Rab4 as well as occludin and EEA1 or Rab4 was time-dependent. The colocalization was evaluated by calculating the Pearson correlation coefficient (R r ). Error bars indicate Ϯ S.D. D, removal of CCL2 (recovery) for 60 min after 60-min exposure to CCL2 led to a loss of Rab4 colocalization with GFP-claudin-5 and GFP-occludin (compare with B). In addition, the vesiculo-vacuolar system was analyzed during recovery (CCL2 removal). Arrowhead indicates continuous staining for GFP-occludin and GFP-claudin-5, whereas Rab4ϩ endosomes were empty of these proteins. Adding the inhibitor bafilomycin A1 (50 nM) prevented the emptying of Rab4ϩ endosomes and re-establishment of interendothelial localization for GFP-occludin and GFP-claudin-5. Bafilomycin A1 also prevented recycling of biotin-labeled occludin and claudin-5 during recovery. In the absence, but not presence, of bafilomycin A1 there was a loss of intracellular biotinylated occludin and claudin-5 during recovery after exposure to CCL2. One representative blot of five independent experiments. E, blocking recycling of occludin and claudin-5 with bafilomycin A1 prevented the reestablishment of mBMEC monolayer integrity after CCL2 removal. Cells were treated with/without CCL2 for 60 min, and then medium was replaced with medium without CCL2 (recovery). The inhibitor bafilomycin A1 was added to the cells at the beginning of recovery time. The collected media from the bottom channels were analyzed, and the permeability coefficient for inulin-FITC was calculated. Data represent average Ϯ S.D. from five independent experiments. iments where the tagged proteins were a major advantage. The rationale for utilizing the brain endothelial cell line (bEnd.3) over primary brain endothelial cells was that bEnd.3 cells have a higher proliferative capacity and better transfection rate than primary cell cultures facilitating establishment of cells stably expressing tagged occludin and claudin-5.
Caveolae-dependent Internalization of Occludin and Claudin-5 as a Mechanism Unsealing the TJ Complex-Despite their complex organization, TJs can be rapidly disassembled and reorganized in response to various extracellular stimuli. TJ protein internalization is one putative mechanism for removing these proteins from cell membranes during cell migration (endothelial and epithelial cells) or during the disassembly of an epithelial barrier (14, 15, (31) (32) (33) . In epithelia, inflammatory mediators such as IFN-␥, TNF-␣, and cytotoxic necrotizing factor 1, induce internalization of TJ transmembrane proteins, changing adhesion between adjacent epithelial cells and causing barrier disruption (13, 15, 34) . The role of TJ protein internalization in blood-brain barrier opening has, however, been uncertain. Similarities in TJ structure and function between brain endothelial cells and epithelial cells led us to test whether occludin and claudin-5 internalization is a mechanism underlying brain endothelial barrier opening. Recent findings from our and other laboratories clearly indicate that increased brain endothelial barrier paracellular permeability is associated with redistribution of TJ proteins (7, 16, (35) (36) (37) . Besides redistribution, most TJ proteins undergo phosphorylation or dephosphorylation, and many studies pinpoint this as a critical process in changing adhesive interactions in the TJ complex (6 -8, 37 ). Although we do not exclude TJ protein phosphorylation as a critical component in altering adhesive interactions between the endothelial cells, some morphological (loss of continuous staining for TJ proteins at cell borders) and biochemical (redistribution from membrane to cytosolic and actin cytoskeletal fractions) evidence indicates that transmembrane TJ proteins are removed from the plasma membrane. Results in this study indicate that transmembrane TJ protein internalization is an underlying mechanism for these morphological and biochemical changes during TJ complex unsealing as well as determining the mechanisms involved in internalization of occludin and claudin-5.
There is strong evidence that occludin and claudin-5 are localized in lipid rafts/caveolae. It has been suggested that such localization is probably critical for TJ complex stability (38 -41) . Thus, it is not surprising that our membrane traffic analysis pointed out that caveolae/lipid raft-dependent internalization is an important mechanism for removing occludin and claudin-5 from brain endothelial borders during opening of the paracellular route.
Lipid rafts/caveolae are cholesterol-sphingolipid-rich membrane microdomains (42) . Many studies have revealed that the depletion of cholesterol from the plasma membrane with agents such as filipin III, nistatin, or M␤CD causes disruption of these structures and inhibits their functions without altering clathrin-mediated endocytosis (43, 44) . Thus, caveolae/lipid raft-and clathrin-dependent endocytosis can be distinguished by means of cholesterol sensitivity. Taking the above issues into consideration, our finding, that depletion of membrane cholesterol using either filipin III or M␤CD inhibited CCL2-induced increases in brain endothelial barrier permeability and internalization of occludin and claudin-5, strongly suggests an important role for caveolae/lipid rafts in these processes. The observed inhibitory effects of M␤CD could be reversed by cholesterol reconstitution.
This study also found that internalization of occludin and claudin-5 requires caveolin-1 (results using siRNA knockdown of caveolin-1). Caveolin-1 is another major constituent of caveolae. Caveolin-1 is thought responsible for the invaginated flask-shaped morphology of caveolae through association with select raft domains (45) . However, caveolin-1 is also one of the key regulators of caveolae/raft endocytosis. Together with the cholesterol results, these findings strongly support the concept that CCL2-induced internalization of occludin and claudin-5 is almost entirely mediated by caveolae/lipid rafts and dependent on caveolin-1.
Our findings are in concordance with the previously reported findings for epithelial cells treated by pro-inflammatory cytokines, lymphotoxin-like inducible protein-LIGHT, INF-␥, and TNF-␣ (46, 47) . On the other hand, there is recent evidence that junctional molecules, Ve-cadheins and ␤-catenin, could be internalized by the clathrin-dependent pathway during the opening of the paracellular route induced by vascular epidermal growth factor (8, 48, 49) . Apparently, the type of internalization of junctional molecules during the forming of paracellular route greatly depends on cell type, type of stimuli, as well as the localization of junctional molecules on the specific membrane microdomains.
Another possibility is that, under certain conditions, there may be cross-talk between different internalization pathways and involvement of one or more endocytotic pathway (i.e. caveolin and clathrin internalization). Because sorting of internalized proteins was via EEA1 vesicles, it is necessary to note that "classic" caveolae-dependent internalization does not perfectly fit the process described in this study (42) . Further investigation is needed to define this pathway as well as the degree of cell and stimulus specificity.
Finally, it is important to address the controversy over the role of caveolin-1 in regulating vascular permeability. There are studies showing that inhibiting caveolae formation by knocking down caveolin-1 with siRNA or gene deletion can increase vascular permeability rather than, as in our study, acting as a stabilization factor (50 -52) . A possible explanation for these discrepancies could be that the absence of caveolin-1, a major component of caveolae, may shift internalization to another pathway (e.g. clathrin-dependent) (53) . There is also the possibility that other caveolin proteins (caveolin-2 or -3) can be expressed as a "compensatory mechanism," even in cells that do not normally have significant levels of these proteins (54, 55) . Persistent vascular hyperpermeability, even in basal conditions, in caveolin KO mice could be the aftermath of a lack of caveolin-1 signaling during the biogenesis of TJ complexes. Such signaling has been shown to play a pivotal role by several studies (56, 57) . Thus, caveolin-1 and caveolae-dependent endocytosis plays a pivotal role in biogenesis and dynamic changes in the TJ complex. Stimulus type, exposure duration, cell type, and the specific microenvironment are potential factors determining the role of caveolin-1 in TJ regulation, and this needs further investigation.
Fate of Internalized Endothelial TJ Proteins, Occludin and Claudin-5-The current study examined whether internalized occludin and claudin-5 are degraded or recycled back to the cell surface. Recycling of internalized TJ proteins has been shown in dynamic situations where contacts between epithelial or endothelial cells must be rapidly broken and remade (12, 34, 58) . In contrast, some recent studies have shown that down-regulation of cell-cell adhesion and/or permanent disturbance of junctional complexes is associated with TJ protein degradation (6, 36, 59) . Our findings on the localization and timing of TJ protein internalization in CCL2-treated brain endothelial cells and recovery experiments clearly indicate that occludin and claudin-5 undergo recycling. We have found no evidence that internalized TJ proteins undergo degradation or that any mechanism other than recycling contributes to TJ complex recovery. Considering the role of CCL2 during inflammation, the effects of this chemokine on TJ protein endocytosis could play a pivotal role in supporting leukocyte entry into brain by allowing paracellular route formation. Recycling of TJ proteins back to the plasma membrane would allow resealing after leukocyte entry.
Finally, we would like to address the issue of whether brain endothelial and epithelial cells show similar mechanisms of paracellular route opening. Although both cell types express claudins, the type of expression, e.g. claudin-5 versus claudin 1, 2, and 4 (1-3) and their response to stimuli can differ. Brain endothelial cells and epithelial cells show differences in response to inflammatory mediators. For example, there are temporal and spatial differences in the Ca 2ϩ response to TNF-␣, INF-␥, and interleukin-8 (60 -64) . Endothelial and epithelial cells can also utilize different endocytotic pathways to internalize the same receptors under the same stimuli (i.e. integrin internalization (65, 66) ). Thus, it is dangerous to assume by analogy that endothelial and epithelial cells undergo similar processes.
In summary, as a possible scenario for opening and closing of the paracellular route of brain endothelial cells, we suggest that the adhesion property of the TJ complex is normally maintained by homotypical cell-cell interactions of occludin and claudin-5. This is probably disturbed by phosphorylation of these proteins and their ultimate internalization via a caveolaedependent pathway. The internalized proteins become sorted into recycling endosomes until a new signal causes their return to the cell membrane to re-establish junctional interactions.
